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Abstract 
 
Natural stimuli contain a large amount of redundant information in the 
temporal and spatial domains. In addition, the spectral sensitivities of cone 
photoreceptors widely overlap, creating redundancies in the spectral 
domain. The retina needs to reduce these redundancies to optimally encode 
visual information. Previously, we have shown that photoreceptors 
improve coding efficiency by normalizing the skewed distribution of light 
intensities of a natural monochromatic stimulus over their response range. 
In the current study, we have broadened our scope on this subject with 
recordings from goldfish cones, monophasic (MHC), and biphasic 
horizontal cells (BHC) using a chromatic stimulus. We found that there is 
no further improvement in the redistribution of stimulus intensities from 
cones to either of the horizontal cell types. Next, we determined the bitrate 
for cones and HCs, which is a measure for the amount of information a 
neuron can transmit, and related to the signal-to-noise ratio (SNR). The 
bitrate is significantly enhanced in both horizontal cell types compared with 
cones. This is probably because horizontal cells receive input from many 
cones and are electrically coupled. Moreover, monophasic horizontal cells 
have a significantly higher bitrate compared with biphasic horizontal cells. 
This might be attributed to the fact that L- and M-cone inputs to the 
biphasic horizontal cells is opponent. This subtraction of the inputs in the 
BHCs reduces the signal while the noise remains equal, thus reducing the 
SNR and consequently the bitrate. Such difference in SNR is not 
compensated for by stronger low-pass filtering in BHCs compared with 
MHCs, since the filtering characteristics of both cell types were essentially 
similar. 
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Introduction 
 
Natural images contain strong correlations in space and time (van Hateren, 
1993; Dong & Atick, 1995), resulting in a large amount of statistically 
redundant information. Furthermore, redundancy in the spectral domain is 
induced by the large overlap of spectral sensitivity of cone photoreceptors 
(Atick, 1992) and the neuronal elements constituting the visual system are 
noisy. On the other hand, the resources of the visual system (number of 
neurons, their dynamic range, number of synaptic contacts, etc.) encoding 
this information, are limited and thus require efficient use. Much of the 
neural activity in the early stages of visual processing is concerned with 
reducing statistical redundancy of the sensory input by efficient coding and 
improving the signal-to-noise ratio by filtering. 

Coding strategies dealing with redundancies can be divided in 
minimum redundancy codes and minimum entropy or factorial codes 
(Atick, 1992). The first strategy aims to eliminate inefficiency due to non-
uniform probability distributions of the input signal. The second strategy 
deals with correlations within the stimulus. Previously, we have shown that 
single cones process naturalistic stimuli according to a minimum 
redundancy code (Endeman & Kamermans, 2010). Photoreceptors 
redistribute the heavily skewed distribution of light intensities of a natural 
scene in the temporal domain, into a more symmetrical response 
distribution. This transformation leads to a more efficient code since it 
utilizes the available response range more equally, thus makes better use of 
the information capacity of the photoreceptor. Comparable coding behavior 
has been found in the large monopolar cell of the blowfly (Laughlin, 1981). 

Next to reducing redundancy, the retina also employs several 
mechanisms to keep the amount of noise in its signal at acceptable levels. 
In the outer retina, most noise originates from the phototransduction 
cascade and synaptic transmission of photoreceptors (Choi et al., 2005; 
Borghuis et al., 2009; Angueyra & Rieke, 2013). One way of minimizing 
this noise is by converging photoreceptor output. Horizontal cells (HCs), 
for instance, receive input from a multitude of photoreceptors and are 
strongly coupled by gap-junctions. This causes the HC responses to be an 
integral of a large population of cone inputs. Since both phototransduction 
noise and synaptic noise generated in each cone are uncorrelated, noise in 
HCs is reduced, which increases the signal-to-noise ratio (SNR). 

Because cones have widely overlapping spectral sensitivities, their 
responses are highly correlated and consequently send redundant 
information to second order neurons such as HCs. One way of reducing this 
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form of redundancy is by using and opponent/non-opponent coding scheme 
(Atick, 1992). Buchsbaum and Gottschalk (Buchsbaum & Gottschalk, 
1983) found that the optimal coding scheme, based on the spectral 
sensitivity of cones is, distribution into three channels, with monophasic, 
biphasic, and triphasic response profiles. HCs in goldfish seem to use such 
an opponent/non-opponent coding scheme. However, such a coding 
scheme comes at a cost. Since the inputs from L- and M-cones are 
subtracted in the opponent channel, the signal will reduce while the noise 
remains equal. This would lead to decrease in SNR, which might require 
more low-pass filtering (Atick, 1992). 

The goldfish retina contains three types of cone-driven HCs: 
monophasic HCs (MHC) hyperpolarize to light stimuli over the whole 
visual spectrum, biphasic HCs (BHC) depolarize to red light and 
hyperpolarize to blue and green light, and triphasic HCs (THC) 
hyperpolarize to blue and red light and depolarize to green light. The 
spectral coding of HCs is brought about by a cascade of feedforward and 
feedback pathways  (Stell & Lightfoot, 1975; Yang et al., 1982, 1983; 
Kamermans & Spekreijse, 1995). In general terms, MHCs are summing the 
L-, m- and S-cone inputs and from a non-opponent channel, while BHCs 
are subtracting L- from M-and S-cone input and thus form an opponent 
channel. Therefore, we predict that the SNR ratio in MHCs is higher than 
in BHCs, which might be accompanied by stronger low-pass filtering. 

In this paper, we extend our previous research to the redistribution 
of information over responses levels to HCs. We compare the filter 
characteristics, the amount of information content and signal-to-noise ratio 
(SNR) between cell types. We find that cones and HCs convert the highly 
skewed and peaked intensity distribution of natural scenes into a broad 
symmetrical distribution. No significant improvement of this 
transformation occurs from cones to HCs. Furthermore, we find, as 
predicted, that HCs maintain a higher bitrate, a measure related to the SNR, 
compared with cones and MHCs have a higher bitrate than BHCs. 
 
 
Materials and Methods 
 
All experimental procedures adhered to the ARVO Statement for the Use 
of Animals in Ophthalmic and Vision Research, and conformed to the 
guidelines for the Care and Use of Laboratory Animals of The Netherlands 
Institute for Neuroscience acting in accordance with the European Union. 
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Experimental Animals 
Goldfish, Carassius auratus (12 - 16 cm standard body length), were kept 
at 16 °C under a 12-hour dark, 12-hour light cycle. Experiments were 
performed with fish that were between 6 and 9 hours into their light phase. 
Recordings from cones and HCs were made in flat mounted isolated retina 
preparations. 
 
Isolated retina preparation for cone and HC recordings 
Fish were dark-adapted for at least 3 minutes and all further steps in 
preparation were performed in the dark or under dim deep red light 
illumination. After decapitation, an eye was enucleated and hemisected and 
most of the vitreous was removed with filter paper. The retina was isolated, 
placed receptor side up in a superfusion chamber (volume 0.75 ml) 
mounted on a Nikon Eclipse 600FN microscope (Nikon, Tokyo, Japan) for 
cone recordings or an Olympus IMT2 inverted microscope (Olympus, 
Tokyo, Japan) for HC recordings. The retina was superfused continuously 
(1.5 ml/min) with a Ringer's solution. The Ringer’s solution contained (in 
mM) 102.0 NaCl, 2.6 KCl, 1.0 MgCl2, 1.0 CaCl2, 28.0 NaHCO3, 5.0 
glucose and was continuously gassed with approximately 2.5% CO2 and 
97.5% O2. pH was adjusted to 7.8 by making small changes in the amount 
of CO2 in the gas mixture. All chemicals were obtained from Sigma-
Aldrich (St. Louis, MO, U.S.A.). 
 
Electrodes and recording equipment for cone recordings 
Pipettes were pulled from borosilicate glass (GC150TF-10, Harvard 
Apparatus Ltd., Kent, United Kingdom) with a Sutter P-87 micropipette 
puller (Sutter Instruments Company, Novato, CA, U.S.A.). Impedances 
ranged from 3 to 6 MΩ when filled with pipette medium and measured in 
Ringer's solution. 

The patch pipette medium contained (in mM): 10 KCl, 96 D-
Gluconic-K, 1.0 MgCl2, 0.1 CaCl2, 5.0 EGTA, 5.0 HEPES, 5.0 ATP-K, 1.0 
GTP-Na3, 0.2 3':5’-cGMP-Na, 20 phosphocreatine-Na2 and 50 units/ml 
creatine phosphokinase. The pH of the pipette medium was adjusted to 7.25 
with KOH. Electrodes were mounted on a PCS-5000 micromanipulator 
(Burleigh Instruments Inc., Fishers, NY, U.S.A.) and connected to an 
Axopatch 200A patch-clamp amplifier (Axon Instruments Inc., Union City, 
CA, U.S.A.). 

The preparation was illuminated with infrared light (λ > 850 nm; 
Wratten filter 87c, Kodak, Rochester, NY, U.S.A.), magnified with a Nikon 
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60x water immersion objective (N.A. = 1.00), and viewed using differential 
interference contrast and a video camera (Philips, Eindhoven, The 
Netherlands). Data acquisition and control of the patch clamp were done at 
1 kHz with a 1401 AD/DA converter and Signal 3.07 (both from 
Cambridge Electronic Design Ltd., Cambridge, United Kingdom). 
 
Electrodes and recording equipment for HC recordings 
Microelectrodes were pulled on a horizontal puller (P-80/PC, Sutter 
Instruments Company) using aluminosilicate glass (SM100F-10, Harvard 
Apparatus Ltd.) and had impedances ranging from 100-200 MΩ when 
filled with 3M KCl. Electrodes were mounted on a Mini 25 
micromanipulator, controlled by a SM-5 keypad in combination with a SM-
7 control box (All from Luigs and Neumann, Ratingen, Germany). 
Intracellular recordings were made with a S7000A microelectrode 
amplifier system and S7071A electrometer module (both from World 
Precision Instruments Inc., Sarasota, FL, U.S.A.), sampled at 1 kHz using 
a CED 1401 AD/DA converter coupled to Signal 3.07 (also from 
Cambridge Electronic Design Ltd.). 
 
Optical stimulator 
Light stimuli were generated with a custom-made LED stimulator based on 
a three wavelength high intensity LED (Atlas, Lamina Ceramics Inc., 
Westhampton, NJ, U.S.A.). Peak wavelengths were 465, 525, and 624 nm 
and bandwidths were smaller than 25 nm for all LEDs. An optical feedback 
loop ensured linearity. The output of the LEDs was coupled to the 
microscope via light guides. Full-field chromatic light stimuli were 
projected through the microscope condenser (N.A. = 1.25) for cone 
recordings and through a 2× objective lens (N.A. = 0.08) for HC recordings. 
The mean light level of the stimulus corresponded to 3.6 × 105 photons µm-

2 s-1. 
 
Natural time series of chromatic intensities 
Cones and HCs were stimulated with a natural time series of chromatic 
intensities (NTSCI), which was previously used in by van Hateren and 
others for experiments in the macaque retina (van Hateren et al., 2002). 
This chromatic stimulus was recorded at the Westfriese Flora 
(Bovenkarspel, The Netherlands) with a digital video camera (GR-
DVL9600, JVC, Yokohama, Japan) while walking through the exhibition. 
The camera was used in progressive scan mode, at 25 frames per second 
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(fps), and was held steady, either with only unintentional manual vibration 
or with deliberate manual displacements and smooth scans. Every 2–3 sec 
a shift of varying angle was made toward a new camera heading. The movie 
was presented 6.67 times faster than recorded, and so there were effectively 
two to three gaze shifts per second in the stimulus. This recording 
procedure was an attempt to roughly mimic typical eye movements. The 
recorded movie was transported to a PC and stored as separate frames in a 
noncompressed format. The movie was originally created for recordings in 
the macaque retina and therefore reduced to a temporal stimulus by 
spatially averaging the effective L-, M-, and S-cone illuminances produced 
over a circular weighting profile shaped as a cosine in the interval -π/2 to 
π/2 (full diameter 15 arc min, positioned in the center of the movie). The 
resulting stimulus had a duration of 54 seconds and was presented at 166.67 
Hz with a resolution of 12 bits. During a recording, the stimulus was 
typically repeated five times. Each repeat was preceded and followed by an 
equal energy white stimulus of 4.5 seconds with the same mean luminance 
as the movie. We found that there was generally no systematic change in 
response from the first to the last repeat. 
 
Data evaluation 
All calculations in this paper were standardized to a time resolution of 1 
ms, providing a frequency bandwidth of 500 Hz. 
 
Probability distributions 
To allow comparison between probability distributions of stimulus and 
different cell types, data were converted to z-scores with a zero mean and 
a standard deviation of one. The shape of probability distributions was 
described by calculating the kurtosis and skewness. Distributions plots 
were generated using 100 equally spaced bins. 
 
Coherence methods 
Expected coherence (Haag & Borst, 1998) and bitrate (van Hateren & 
Snippe, 2001) were inferred from measured response repeatability and 
were computed as follows. From the responses ρi(t) to m stimulus repeats, 
the average: 
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i
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is calculated. The power spectrum of �̅�𝜌(𝑡𝑡) is Sraw, a (biased) estimate of the 
signal power spectrum. For each response, the deviation 𝛿𝛿𝑖𝑖(𝑡𝑡) = 𝜌𝜌𝑡𝑡(𝑡𝑡) −
�̅�𝜌(𝑡𝑡) is calculated and its power spectrum Ni determined. Then, 𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟 =
1
𝑚𝑚
∑ 𝑁𝑁𝑖𝑖𝑚𝑚
𝑖𝑖=1  is a (biased) estimate of the noise power spectrum. Unbiased 

estimates of signal and noise power can be obtained (van Hateren & Snippe, 
2001) as �̂�𝑆 = 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟 −

1
𝑚𝑚−1

𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟 and 𝑁𝑁� = 𝑚𝑚
𝑚𝑚−1

𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟,which yields the 
unbiased signal-to-noise ratio (SNR)): 
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To obtain an estimate of the information transmitted, the bitrate was 
calculated as follows. The expected coherence is (Haag & Borst, 1998): 
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exp 1
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SNR
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  (3) 

and the bitrate is: 
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where the integral extends to a frequency f0, where the coherence has 
become zero. Because the  and thus 𝛾𝛾exp2 is unbiased through (3), 𝛾𝛾exp2  
fluctuates around zero for high frequencies, and Rexp(f) becomes essentially 
flat for sufficiently high f0. Thus, the choice of f0 is not critical, as long as 
it is high enough. 

Power spectra were calculated by periodogram averaging of 50% 
overlapping data segments, with each periodogram the discrete Fourier 
transform of a Hann- (sometimes called cos2) tapered zero-mean data 
segment of 1000 ms. 
 
Filter characteristics 
The frequency response function for the different cell types were calculated 
separately for the 525 nm and 624 nm stimulus by dividing the average 
power of the responses of one cell by the power of one of the stimuli. 
Results were subsequently normalized and converted to dB-scale. 
 
 

SNR
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Statistics 
In total, we successfully recorded from 8 cones, 7 MHCs, and 4 BHCs. 
Data are presented as mean ± standard deviation. Differences were 
evaluated for statistical significance (p < 0.05) using Student’s T-tests. For 
box plot figures, box encloses first and third quartiles, band inside box 
represents the second quartile (median), mean is indicated by a filled 
square, and whiskers show 1.5 times the interquartile range. 
 
 
Results 
 
Minimal redundancy code 
We recorded voltage responses of goldfish cones, MHCs and BHCs upon 
full-field stimulation with a Natural Time Series of Chromatic Intensities 
(NTSCI), to see whether cones and HCs use a minimal redundancy code 
under natural stimulus conditions. The transformations occurring at 
different levels of retinal processing were examined by comparing the 
probability density plots of the stimulus and the responses of these neurons. 
Fig. 1 displays the stimulus together with examples of responses for the 
different cell types. 

Fig. 1A shows the normalized intensities of the 525-nm and 624-
nm LED, for the entire stimulus duration. Both stimulus channels consist 
of mainly low intensities, which are alternated with brief high intensity 
peaks. To gain more insight in the stimulus content, the probability 
distributions of light intensities were calculated and transformed to z-scores 
(aka standard scores). The resulting probability distributions of both stimuli 
and their average are shown in Fig. 1B. The 525-nm and 624-nm stimulus 
both have a peaky, skewed distribution of light intensities. This was 
quantified by calculating the kurtosis, which is a measure of the 
“peakedness”, and the skewness, which is a measure of the asymmetry of 
the probability distribution. The box plots in Fig 2A and 2B show the 
results of this analysis. The kurtosis (8.34 versus 9.33) and skewness (2.16 
versus 2.22) are about equal for the 525-nm and the 624 nm stimulus. 

Fig 1C shows an example of the average response of 5 repeats of a 
cone for the entire stimulus. The mean probability distribution of all cones 
recorded is shown in Fig 1D. Since cones hyperpolarize to light 
stimulation, the x-axis for the probability plots of retinal cells was inverted 
relative to the x-axis of the stimulus probability plot. Comparing Fig 1B 
with Fig 1D shows that the peaky and skewed distribution of the stimulus 
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was transformed into a broader and symmetrical distribution in cone 
responses. This is quantified in Fig 2A and 2B. 
 
 

 
 

Figure 1 Graphical representation of the chromatic timeseries of intensities (CTSI) and 
examples of responses for different cell-types together with probability distribution 
functions. (A) Normalized intensity for the 525-nm (green line) and 624-nm (red line) 
LED used to stimulate the retina. (C, E, and G) Examples of average responses from a 
cone photoreceptor (C), a MHC (E) and a BHC (G) to the stimulus, average of 5 individual 
responses with mean response set to zero. At the right hand of these examples the average 
probability distributions of the z-scores for the stimuli and the cell-types recorded are 
shown (B, D, F, and H). To ease comparison of these distributions, the z-scores of cell 
responses are plotted from positive to negative since photoreceptors hyperpolarize to light. 
The shaded area depicts the standard deviation. Going from top to bottom, one can see 
that the skewed distributions of intensities of the stimuli are progressively being 
transformed into a more symmetrical distribution of cellular response levels. 
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Figure 2 Statistics of the probability distribution functions for stimuli and the different 
cell types recorded. (Left panel) Values for the kurtosis of the probability distributions of 
the 525-nm and 624-nm stimulus, cones, MHCs and BHCs. (Right panel) Values for the 
skewness of the probability distributions of the 525-nm and 624-nm stimulus, cones, 
MHCs and BHCs. 
 

Similar behavior can be seen in the data collected from MHCs (Fig 
1E) and BHCs (Fig 1G) and their probability distributions shown in Fig 1F 
and 1H, respectively. Quantification of these distributions is given in Fig 
2A and 2B. The kurtosis of the probability distribution was 8.8 ± 0.70 (n = 
2) for the stimulus channels, decreased in cones to 4.3 ± 1.2, (p < 0.01, n = 
8) but was not significantly further reduced in MHCs (3.4 ± 0.91, n = 7) 
and BHCs (3.6 ± 1.0, n = 4). For this parameter, the two types of HCs 
significantly differed from to the stimulus (p < 0.01, in both cases), but not 
from each other. The skewness significantly decreased during retinal 
processing as well. The skewness of the stimulus was 2.2 ± 0.042 (n = 2). 
In cones, it was reduced to -0.34 ± 0.97 (p < 0.01, n = 8), in MHCs to -0.30 
± 0.57 (p < 0.01, n = 7) and in BHCs to -0.15 ± 0.74 (p < 0.01, n = 4). Also 
for this parameter, there was no significant difference between cones, 
MHCs and BHCs. For none of the retinal neurons the skewness 
significantly differed from zero, meaning that their responses are 
symmetrically distributed. 

Together, these data show that the asymmetrical distribution of 
natural light intensities is transformed into a more symmetrical and less 
peaky output of outer retinal neurons. Thus, coding inefficiency due to 
unequal use of response levels is reduced. Moreover, no significant change 
of this transformation occurs during the transfer of information from cones 
to HCs. 
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Figure 3 Frequency response curves and filtering properties. (A) Average frequency 
response curves of cones (solid line), MHCs (striped line), and BHCs (dotted line) versus 
525-nm stimulus. (B) Average frequency response curves of cones (solid line), MHCs 
(striped line), and BHCs (dotted line) versus 624-nm stimulus. (C-D) Box plot data of the 
f3dB cut-off frequency determined from the frequency response curves for the different cell 
types for 525-nm and 624-nm stimulus. (E-F) Box plot data of the f6dB cut-off frequency 
determined from the frequency response curves for the different cell types for 525-nm and 
624-nm stimulus. 
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Filter characteristics 
Optimizing the SNR is an essential step in coding. Noise has a rather flat 
power spectrum, whereas the signal is dominated by lower frequencies. 
Improving the SNR can be done by low-pass filtering, which will mostly 
remove noise while hardly affecting the signal, or by electrically coupling 
cells with gap-junctions. We analyzed the filtering characteristics occurring 
at different stages of retinal processing by calculating the frequency 
response functions of the different cell types for both stimuli separately. 
Results for the 525-nm stimulus are plotted in the left column of Fig. 3, 
those for the 624-nm stimulus in the right column. The frequency response 
function of all retinal cell types recorded show low-pass filtering (Fig.3A-
B), this was quantified by determining the -3 dB (f3dB) and -6 dB (f6dB) cut-
off frequencies (Fig. 3C-F). The average f3dB for cones (5.3 ± 1.6 Hz for 
525-nm, 5.7 ± 1.8 Hz for 624-nm, n = 8) were, significantly lower than for 
MHCs (9.4 ± 4.3 Hz for 525-nm, 10.1 ± 4.1 Hz for 624-nm, n = 7, p < 0.05 
in both cases). Whereas, compared to BHCs (10.1 ± 4.7 Hz for 525-nm, 9.9 
± 6.0 Hz for 624-nm, n = 4) only the f3dB for the green stimulus was 
significantly different (p < 0.05). However, the f6dB for both 525-nm and 
624-nm stimulus were significantly lower in cones (7.5 ± 2.3 Hz for 525-
nm, 7.8 ± 2.3 Hz for 624-nm, n = 8) compared to MHCs (14.2 ± 4.9 Hz for 
525 nm, 14.4 ± 4.9 Hz for 624-nm, p < 0.01 in both cases, n = 7) and BHCs 
(16.4 ± 1.8 Hz for 525-nm, 15.9 ± 2.5 Hz for 624-nm, p < 0.01 in both 
cases, n = 4). For both stimuli, there were no significant differences for f3dB 
and f6dB between MHCs and BHCs. These experiments show that cones 
have a lower f3dB than HCs and that MHCs and BHCs have very similar 
filter characteristics. 
 
Expected coherence and bitrate 
The expected coherence is a measure indicating the amount of information 
a neuron can transmit. This measure is inferred from the signal-to-noise 
ratio (SNR) and based on the response repeatability; i.e. the degree in which 
single response traces deviate from the mean response. Fig. 3C shows the 
expected coherences for cones, MHCs and BHCs (solid, striped and dotted 
lines, respectively). Interestingly, both types of HCs, but especially the 
MHCs, can transmit significant information at much higher frequencies 
than cones. This is most likely due to the electrical coupling of HCs and 
the large conversion of cone signals in HCs. Since HCs receive input from 
many cones they average out the noise in the cone signals. 
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Figure 4 Expected coherences and bitrates. (Left panel) Average expected coherence of 
cones (solid line), MHCs (striped line), and BHCs (dotted line). (Right panel) Bitrate 
values inferred from expected coherence curves for the different cell types. 
 

Integrating the expected coherence over the frequency yields the 
bitrate in bits per second. The values calculated for this measure for the 
different cell types are shown in the box plot of Fig. 3D. The average bitrate 
of cones was 47.3 ± 6.18 bits/sec (n = 8). MHCs had an average bitrate of 
166.3 ± 29.2 bits/sec (n = 7), a significant increase compared with cones (p 
< 0.01). The average bitrate of BHCs was 86.6 ± 50.6 bits/sec (n = 4), 
significantly lower than in MHCs (p < 0.01), but higher than in cones (p < 
0.05). 
 
 
Discussion 
 
Optimal neural coding of natural images for noisy overlapping channels of 
limited dynamic range consists of a combination of remapping input, low- 
and high-pass filtering, and opponent/non-opponent coding. Remapping in 
order to effectively use the whole dynamic range of a neuron, high pass 
filtering and opponent/non-opponent coding for removing redundancies, 
and low-pass filtering to keep the SNR within acceptable limits. The 
question we addressed in this paper is which of these coding strategies are 
used in the first retinal processing stages. We find that cones and HCs of 
the goldfish retina transform the skewed intensity distribution of the 
stimulus into more symmetrical and less peaky response distributions. Such 
transformation is a form of minimal redundancy code. Convergence and 
electrical coupling leads to an increase in bitrate in HCs compared with 
cones. Since HCs in goldfish use an opponent/non-opponent coding 
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scheme, the bitrate in BHCS is lower than in MHCs. Interestingly, this 
reduction in SNR in BHCs is not compensated for by stronger low-pass 
filtering. 

Natural scenes display a non-uniform probability distribution of 
intensities, which is skewed to the right, i.e. lower intensities occur most 
frequent. On the other hand the response range of photoreceptors, like that 
of all neurons, is limited. To efficiently encode the non-uniform probability 
distribution of its input, photoreceptors output must be such that all 
response levels are used with equal frequency. The probability distributions 
of cones reported in this paper are in line with this idea. The response 
distribution is significantly less skewed and less peaky than that of the 
stimuli. Previously, we obtained similar results from cones using a 
monochromatic stimulus (Endeman & Kamermans, 2010). In that study, 
we proposed non-linearities in the phototransduction cascade accomplish 
the transformation of the probability distribution. 

In addition, we find that the transformation of the response 
distribution progresses no further in MHCs and BHCs. The kurtosis and 
skewness of the response distributions of these second-order neurons is 
comparable with that of cones. The skewness of the response distribution 
of cones does not significantly differ from zero. Therefore, it seems that an 
optimal normally distributed response is already attained in cones and no 
further improvement from a coding point of view is required. 

Similar to the response behavior we found in cones and HCs, large 
monopolar cells (LMC) of the blowfly compound eye have been shown to 
transform the probability distribution of contrasts found in the environment 
of the fly to a uniform distribution by the function relating the contrast to 
the membrane potential of this neuron (Laughlin, 1981). 

The power spectrum of natural signals decreases with 1/fβ 
(0.7<β<3), whereas the power spectrum of noise is essentially flat. Hence, 
when stimulated with natural stimuli, the SNR of the responses will be 
largest at lower frequencies. Redundancy reduction and optimization of the 
SNR can be achieved by a combination of low- and high-pass filtering of 
the signal (van Hateren, 1992; Atick, 1992). High-pass filtering will reduce 
temporal redundancies and make that most of the channel capacity can be 
devoted to higher frequencies. However, above a certain frequency the 
amount of noise becomes significant and the SNR drops below acceptable 
levels. Low-pass filtering will prevent the transmission of noisy signals in 
this high frequency range, ensuring that no channel capacity is wasted to 
transmit noise. 
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To assess the filter characteristics of the recorded cells we 
calculated the frequency response functions versus 525-nm and 625-nm 
stimulus separately. From these data, it becomes apparent that both cones 
and HCs have bandpass filter characteristics. Cones had lower -3 dB and –
6 dB cutoff frequencies compared with MHCs and BHCs. Especially for 
the 525-nm stimulus, HCs display bandpass filtering. The difference 
between the 525-nm and the 624-nm stimulus is presumably due to the fact 
that HCs have larger response amplitudes when stimulated with mid-
wavelength light than to long wavelength light (Kamermans et al., 1989). 

The filter characteristics of HCs is consistent with those of H1 HCs 
of the macaque retina, which also displayed low pass filtering and a 
resonance peak around 40 Hz (Smith et al., 2001). Conversely, Spekreijse 
and Norton did not find such bandpass filtering in carp (Spekreijse & 
Norton, 1970). The difference between our results and theirs might be due 
to the different stimulus protocols used. Whereas they used sinusoids of 
different frequencies with a maximal contrast of 80 %, we used a NTSCI, 
which has a maximal contrast of more than 400 %. 

In goldfish, MHCs receive excitatory input from all cone-types 
(Yang et al., 1982, 1983). Since many cones project to a single MHC its 
response can be regarded as the average response of cones within its 
receptive field. Because noise in cones is uncorrelated one expects that 
averaging many cone responses leads to a better SNR. The gap-junction 
coupling of HCs should lead to a similar enhancement of the SNR in the 
case of full-field stimuli. In accordance, we found that the bitrate, a value 
related to the SNR of a cell’s response, significantly increased in MHCs and 
BHCs compared to cones. 

BHCs are mainly innervated by S- and M-cones. Their light 
response consists of a hyperpolarization for short- and middle wavelength 
stimuli and a depolarization at long wavelength stimuli. The 
hyperpolarizing response of BHCs is the result of direct M- and S-cone 
input, whereas the depolarizing response is a consequence of feedback 
from the MHC to the M- and S-cones (Stell & Lightfoot, 1975). The light 
response of a BHC is therefore a mix of direct cone and indirect MHC input 
and not a summated average of cone responses within its receptive field. 
Therefore, BHC responses reflect the difference between the M- and S-
cone input and the inverted MHC response. In the naturalistic stimulus we 
used, there is a high degree of coherence between the 525-nm and 624-nm 
stimulus and thus the response size of L- and M-cones. Consequently, the 
response amplitude of BHCs was relatively small, except for brief periods 
where there were large deviations between the 525-nm and 624-nm 
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stimulus. Given that the amount of noise in MHCs and BHCs stays 
constant, this will result in low SNR in BHCs for most of the stimulus 
duration. Consistent with this is that the bitrate we find for BHCs is 
significantly lower compared with MHCs. Since the filter characteristics of 
MHCs and BHCs are similar, there does not seem to be a very high 
evolutionary pressure on the system to increase the SNR of BHCs by low-
pass filtering to match the SNR of MHCs. 

Previously, van Hateren and others (van Hateren et al., 2002) 
obtained similar results when examining the responses of several types of 
primate ganglion cells to the chromatic and luminance component of a 
similar stimulus as we used here. Although, there were differences between 
cell types, on the whole the sensitivity to luminance far exceeded that to 
chromaticity for naturalistic stimuli. This was attributed to the fact that 
luminance contrast in natural scenes is much higher than the chromatic 
contrast (Ruderman et al., 1998). 

In conclusion, we have found that there is no further improvement 
in redistributing the skewed stimulus intensity distribution from HCs to 
cones. However, the skewness has already reached its optimal value in 
cones. Furthermore, we find a significant increase of expected coherence 
between cones and both types of HCs, and between MHCs and BHCs. The 
former might be due to the averaging of multiple cone inputs occurring in 
HCs. The latter is possibly a result of the opponent/non-opponent coding 
scheme. 
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